Emissions harmonization refers to the process used to match greenhouse gas by using the same, openly available harmonization mechanism.
of which is distinct for each model [1] . Results from IAMs are integral in a number of international studies, which notably include projections of climate and economic futures. Recently, the IAM community has developed scenarios based 15 on the Shared Socio-economic Pathways (SSPs) [2, 3, 4, 5, 6 ] which quantify a variety of potential global futures. The SSPs are designed to be used in research that include earth system model (ESM) simulations, climate impact, adaptation and climate mitigation studies [7] .
While IAMs are implemented in myriad ways, including simulation and 20 optimization, the core inputs and outputs are similar across different models.
Modeling teams incorporate data on energy systems, land use, economics, demographics and emissions sources and concentrations, among other data, in order to provide consistent existing trajectories of modeled variables. The models then provide estimates of future trajectories of these variables under various socio-25 economic and technological assumptions as well as proposed policy constraints, e.g., targets for future Greenhouse Gas (GHG) emissions.
The emissions trajectories calculated by IAMs are critical inputs for ongoing, worldwide scientific community efforts in the Coupled Model Intercomparison Project Phase 6 (CMIP6) [8] , which is utilizing a number of marker SSP scenarios 30 developed by the IAM community (ScenarioMIP) [9] . These trajectories are endogenously calculated by modeling the individual technologies and sectors that contribute towards the emissions of different air pollutants and GHGs as well as various mitigation technologies. However, the historical emissions starting points of models can differ by large amounts depending on the region, sector, 35 and emissions species.
In practice, IAMs calculate the total source intensity of emitting technologies, for example the total activity of coal power plants in China, and incorporate emissions-intensity factors for individual gas species, for example the quantity of sulfur emissions from coal plants per megawatt-hour of production. Models are 40 generally calibrated to historical data sources in one or more base years. Results in the historical period may differ between models as a result of the sometimes large uncertainties in historical data sets. Models can also differ in their choice of base-year, which may lag behind available inventory data. In addition, models have varying sectoral, regional, and fuel aggregations.
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The global climate change community has recently developed a new global historical emissions data set for both anthropogenic emissions (i.e., the Community Emissions Data System (CEDS) [10] and open-burning land-use and land-use change (LULUC) emissions [11] ) which, in conjunction with the SSP IAM trajectories, will be used for climate-related modeling exercises of CMIP6.
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When participating in intercomparison exercises in which a consistent historical starting point is required (e.g., in CMIP6), model teams incorporate a single, common historical data set through harmonization. Harmonization refers to the process of adjusting model results to match a selected historical time series such that the resulting future trajectories are also consistent with 55 the original modeled results. In the emissions context, this means that each individual combination of model region, model sector, and emissions species must be harmonized. Depending on the total number of model regions, sectors, and emissions species, this can require the selection of thousands to tens-of-thousands of harmonization methods.
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Harmonization has been addressed in previous studies as it is a common practice in the IAM and climate change communities. For example, [12] describes the use of scaling routines for the 5 regions used in the Special Report on Emissions Scenarios (SRES) [13] ; however, only total emissions were harmonized in the exercise, thus there is no sectoral dimension. Further, [14] describes 65 the impacts of choosing various harmonization routines on future trajectories.
During the evaluation of the Representative Concentration Pathways (RCPs), IAM results have been harmonized by sector and the 5 RCP global regions [15] . Importantly, the choice of harmonization method to date has been determined by individual experts and has generally been applied to all trajectories for a 70 given class of emissions species.
Climate modeling efforts have continued to progress, demanding increased spatial and sectoral resolution from IAMs. Furthermore, a new generation of climate scenarios which combines aspects of both the RCPs and SSPs have been developed in order to incorporate both physical and socio-economic detail.
75
In order to address the growing dimensionality of model outputs and support ongoing scenario generation and analysis efforts while still providing a consistent and scientifically rigorous harmonization procedure, an automated process for determining harmonization methods is preferred. The use of an automated, documented, and openly available harmonization mechanism additionally allows 80 for full procedural reproducibility and for direct participation by additional modeling teams not involved in the original exercise.
The remainder of this paper describes the methodology and implementation of the harmonization software aneris [16] , written in the Python programming language (detailed documentation available online). Section 2 provides a detailed In previous studies [12, 14] , two families of methods have been used: those that operate on the ratio of base year values (i.e., Table 1 . 
Default Method Decision Tree
A decision tree approach has been implemented in aneris which provides a systematic and documented decision-making process to determine the preferred 120 harmonization algorithm. In order to provide reasonable default methods, the historical trajectory, unharmonized model trajectory, and relative difference between history and model values in the harmonization year are analyzed. The decision tree used in this analysis is a result of collaborative efforts between IAM teams and is shown graphically in Figure 1 .
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A number of characteristics impact the decision of which default method to select based on the effect of the characteristic on the potential harmonized trajectory. For example, it is possible for models to report zero values in the harmonization year in situations in which technologies are introduced in future , dH is defined as
, and decision-making thresholds for cv and dH are described below. Methods labeled in green are likely to closely match unharmonized results, methods in yellow will likely somewhat match unharmonized results, and methods in red can be expected to have a large relative difference between harmonized and unharmonized results.
time periods in regions or for sectors which produce an emissions species that is absent in the initial modeling period. In such cases, an offset method is required as a ratio method would mask future emissions and erroneously harmonize the trajectory.
In most cases, however, models do report values in the harmonization year. is possible an automated detection mechanism is necessary.
Finally, consideration is taken with respect to the relative difference between the historic and model values in the harmonization time period. In order to 175 investigate the possible values that these relative differences can take, the IAM values used in the SSP and (ongoing) CMIP6 inter-comparison exercises are used. A distribution of these differences for all models in the study is presented in Figure 4 . Given the available data, a threshold value of τ dH = 50% was chosen to be used as a default in aneris.
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aneris Workflow
The full aneris workflow is comprised of a number of components shown graphically in Figure 5 . Unharmonized model data and a run-control configuration are read in via an Excel spreadsheet. Data is assumed to be in the IAMC format,
i.e., using Model, Scenario, Region, Variable, and Unit columns in addition 185 to columns representing each modeled time period.
Users are able to control the harmonization process via a number of options.
The primary mechanism by which users control the process is by providing Concentration Pathways (RCPs) [15] , shown in Figure 6 . Finally, any exogenous trajectories the user provides are added. Exogenous trajectories are normally provided for unmodeled gases with well-accepted scenario trajectories, e.g., chlorofluorocarbons provided by WMO [17] . Upon completion, the harmonized trajectories and meta data regarding the harmonization process are returned. A unharmonized The unharmonized value in the harmonization year.
history The historical value in the harmonization year.
harmonized The resulting harmonized value in the harmonization year.
Results
In order to show a representative cross section of the performance of the aneris harmonization procedure, we focus on the harmonization of results of the IAM MESSAGE-GLOBIOM [3] . Two scenarios from the SSP scenario library 220 [18, 19] 
MESSAGE-GLOBIOM includes a representation of 11 distinct regions which
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can be mapped directly to the 5-region definition used in the RCPs. Historical data is taken from previously described LUC and anthropogenic sources, which comprise 10 separate pollutant and GHG species and 12 sectors shown in Table   3 . A total of 970 distinct trajectories were harmonized for each scenario, and therefore 1940 trajectories were harmonized in total. NO x generated from the 235 Energy sector provides an example of an emissions species and sector in which all regions were satisfactorily harmonized with the default methods. Figure 8 shows the results of harmonization in Asia, and Table 4 a Global total trajectories are harmonized due to lack of detailed historical data. b Global sectoral trajectories are harmonized due to lack of detailed historical data. c A global trajectory for land-use CO 2 is used; non-land-use sectors are harmonized for each model region. were reported as a diagnostic (see Section 2.3) of which 3.5% required the use of harmonization overrides after an initial investigation; thus, 96.5% of all trajectories were satisfactorily harmonized using the default methods. The trajectories that required overrides clustered into two classifications: regional 250 trajectories whose magnitude was overly distorted and regional trajectories whose shape was overly distorted. In certain circumstances, the application of the default harmonization methods can affect not only the magnitude but also the shape of regional trajectories. We investigate the aggregate effect of harmonization with all necessary override methods on total anthropogenic radiative forcing projections with the simple carbon-cycle and climate model, MAGICC6 [20, 21] , for each harmonized 280 and unharmonized scenario respectively as shown in Figure 11 . We find that the change due to harmonization is small, ranging between 1 and 2.5% over the model horizon. Relative near-term differences persist in the mitigation case There are a variety of avenues for future improvement of both the aneris software and underlying methodology. As with any software project, additional 320 users will provide use cases for more robust handling of input/output concerns and corner cases. Further configuration parameters can also be added in the future in order to provide overrides for all gas species in a given sector or region.
Perhaps the most fruitful investigation will involve further refinement of the default decision tree introduced in Section 2. A key aspect missing from the 325 decision tree is input from models regarding whether missing sources or activity levels are the likely cause of a harmonization year discrepancy (suggesting the use of an offset method) or instead a significant difference in emissions factors (suggesting the use of a ratio method) [14] .
This work provides a new direction and framework which the IAM and climate 
